We investigated the influence of the adenosine antagonist theophylline on the degree of hippocampal cell damage in the Mongolian gerbil following brief periods of forebrain ischemia. Male gerbils were randomly divided into nine groups. Te n minutes before surgery, four groups, which were later subjected to I, 2, 3, or 5 min of bilateral carotid occlusion under halothane anesthesia, received theophylline (30 mg/kg, p.o.). Four groups served as nontreated ischemic controls; the ninth group was used to measure theophylline serum concentration. Neurological symptoms were classified by using a behav ioral score. Fourteen days after ischemia, the brains were removed, and the hippocampus was histologically exam ined "blind" for the degree of cell damage in the CAl sector, which was expressed as a semiquantitative histo-
It is well established that the hippocampus is one of the most vulnerable regions in the brain to isch emia and anoxia (Brierley, 1976) . Following brief periods of forebrain ischemia, the Mongolian gerbil has been reported by Kirino (1982) to develop se lective neuronal damage, preferentially of the pyra midal cells in the CA 1 subfield of the hippo campus. This damage, however, differs from con ventionally described ischemic neuronal injury because of its slow development (Ito et aI., 1975; Kirino, 1982) . The histopathological nature of these changes, including electron microscopic studies of the fine structural alterations, has been previously published (Kirino and Sano, 1984a,b) .
Electrophysiological and hemodynamic aspects have been considered (Suzuki et aI., 1983; lmdahl et al., 1985) . Recent pathophysiological and bio-pathological score. There were no behavioral or histolog ical abnormalities in either the control or theophylline group with I min of ischemia. With increasing duration of ischemia, the neurological symptoms worsened and the number of necrotic pyramidal cells increased signifi cantly. The pretreatment with theophylline only moder ately aggravated the neurological symptoms, whereas it enhanced the ischemic cell damage significantly. The re sults are discussed with respect to recent findings that theophylline may block putatively protective effects of endogenous adenosine, whose concentration in the brain is known to rise significantly during ischemia. Key Words: Gerbil-Brain ischemia-Hippocampal damage -Theophylline. chemical investigations implicate the role of cal cium (Schwartzkroin and Wyler, 1980; Simon et al., 1984a) and the excitatory neurotransmitters aspar tate and glutamate (Simon et aI., 1984b) in the de velopment of the ischemically induced isolated de struction of the CAl neurons.
Surprisingly, there are only a few reports about pharmacological attempts to influence the selective ischemic damage of CAl neurons, although it pro vides a very reproducible model, with a morpholog ically clearly defined pathological picture. There fore, the purpose of this study is first to perform a semiquantitative analysis of the histopathological and behavioral sequelae of varying durations of forebrain ischemia ranging from 1 to 5 min, and second, to investigate to what degree the classical CNS-stimulating drug theophylline may influence the ischemic damage.
METHODS
For this study, 182 adult male, Mongolian gerbils, weighing 48-88 g (Hoechst AG, Kastengrund, ER.G.), were randomly divided into 9 groups. They were kept at 21°C room temperature on a 12-h artificial day/night cycle and had free access to pellet food (Altromin standard diet R1210; Altromin, Lage, F.R.G.) and tap water.
For the induction of forebrain ischemia, and prior to surgery, 132 animals were separated into 8 experimental groups. Te n minutes before operation, 4 of these groups, which were later subjected to 1, 2, 3, or 5 min of fore brain ischemia, received theophylline (30 mg/kg body weight, p.o.) in 5 mllkg body weight aqueous solution. Four groups served as ischemic controls, with the same periods of carotid occlusion and the same volume of ve hicle.
The gerbils were anesthetized in a small glass chamber with a mixture of nitrogen: oxygen (2: 1) and 3 vol% halo thane. They were then fixed in the supine position on a temperature-controlled operation table, and anesthesia was maintained with 1.2 vol% of halothane in the same gas mixture.
A 2-cm anterior midline cervical incision was made, and both common carotid arteries were carefully dis sected free of accompanying tissues. Bilateral carotid ar terial occlusion of 1, 2, 3, or 5 min duration was produced in different groups of animals by clamping the vessels with Yasargil microaneurysm clips (FD 681; Aesculap Werke AG, Tu ttlingen F.R.G.). The time needed for sur gery never exceeded 3 min. Due to the light halothane anesthesia, all gerbils regained consciousness within 20-30 s after the end of surgery.
During the ischemic period and during the 90 min after removal of the clips, the gerbils were placed in cylindrical glasses that had a bottom temperature of + 29°C and were observed for neurological symptoms. The symptoms were classified by using a behavioral score, as described in Ta ble 1. Thereafter, the gerbils stayed in the animal house for 14 days and were regularly observed. Then they were killed by decapitation. The brains were removed in toto and immersion-fixed in Carnoy's solu tion (ethanol: chloroform: acetic acid, 6:3:1). After suffi cient fixation, each brain was cut coronally 2.5 mm pos terior to the bregma, and the cranial piece was embedded in paraffin. Coronal sections of 4-6 f..l thickness were cut in an area 1.5 mm posterior to the bregma to get the hip pocampus in its maximal lateral dimension. The prepara tions were then stained with hematoxilin and eosin.
Only one section per brain was taken, as pilot studies with serial sections over the whole frontooccipital dimen sion of the hippocampus showed a homogeneous lateral distribution and degree of histological change. Therefore, serial sections, as they have been used by Mouritzen Dam (1982) and Hallmayer et al. (1985) , for quantitative analysis were not necessary for the purpose of this inves tigation.
The histological preparations were examined by light microscopy for damage of pyramidal cells in the dorsal region of the hippocampus, especially the CAl sector (nomenclature according to Lorente de N6, 1934) . The number of damaged neurons served as the basis for a semiquantitative histopathological score, as described in Ta ble 2 and Fig. 1 . The histological analysis was done "blind" (M. Keil). To avoid a false examination of cyto logical artefacts, as described by Cammermeyer (1961) or Brown and Brierley (1968) , only the cell necroses of the eosinophilic type were taken as a criterion for histopatho logical evaluation.
Pilot experiments using the same protocol in four groups of male nontreated gerbils with 3 min of bilateral carotid occlusion showed a very good reproducibility of the degree of histological changes. The average histolog ical group scores (sum of individual scores/n) of these four groups ranged from 1.5 to 1.7.
For the measurement of serum concentration of the ophylline, blood was taken from a ninth group of 50 gerbils before, 5, 10, 20, 30 min, and 1, 2, 3, 5, and 7 h after oral administration of 30 mg/kg theophylline (5 an imals per sampling time). The serum concentration of theophylline was determined by high-performance liquid chromatography, using the method of Muir et al. (1982) .
Statistical analysis
The behavioral and histopathological scores of all ex perimental groups of gerbils were compared using the nonparametric Fisher's exact test (Sachs, 1968), taking p < 0.05 as significant.
RESULTS

Serum concentration of theophylline
The time course of the serum concentration of theophylline after oral administration of 30 mg/kg is shown in Fig. 2 . The data indicate that the drug was rapidly absorbed, the disposition half-life being 4.8 min. At the beginning of the different ischemic pe riods, the mean serum theophylline concentration had reached 28.8 ± 4.86 J.Lg/ml (1.6 x 10-4 M) and FIG. 1. The relationship between the histological score (see Table 1 ) and the neuronal necrosis in the CA 1 sector of the gerbil hippocampus, as seen in hematoxilin-eosin stained sections. Full details are given in the Methods section. Mag nification x 390.
remained above 10-4 M for the next 3 h. The max imum serum concentration of theophylline mea sured was 35.4 ± 11.15 (.Lg/ml (2.0 x 10-4 M) at 1 h after administration, and the elimination half-life was 3.5 h.
Behavior
All animals survived the 14-day experimental pe riod. The oral pretreatment with theophylline (30 mg/kg) did not overtly alter the behavior of the gerbils in the preischemic period, except for a mod erate increase in spontaneous locomotor activity. The behavioral changes during and after the isch emic periods are presented in Fig. 3 as relative fre quency distribution histograms of the neurological symptoms according to the score described in Ta ble 1. Ta ble 3 shows the changes of the overall behav ioral alterations of the different animal groups by using the total group scores (sum of individual scores/n). There were no obvious behavioral abnormalities in either the control or theophylline-treated groups with 1 min of bilateral carotid occlusion. With 2 min ischemia, the animals of both groups developed mild symptoms of score I, whereas 3-min ischemia aggravated the symptomatology significantly, with 11 % of the control and 21 % of the theophylline treated animals showing jumping and rolling sei zures (score 2). The behavioral changes mostly oc curred during the ischemic periods. Only one the ophylline-treated animal in the 2-min ischemic group and two control animals and four theophyl line-treated gerbils in the 3-min ischemia groups ex perienced jumping and rolling seizures (score 2) for about 2 min immediately following the removal of the occlusion clips. Five minutes of ischemia led to further aggravation of the neurological symptoms, as some of the animals showed additionally opis thotonos and lateral lying position in both groups: 26% in the nontreated and 42% in the theophylline- Table 1 for explana tion). With increasing time of ischemia, the degree of behav ioral changes increased. Theophylline treatment had no sig nificant influence o � the neurological symptoms.
treated group. None of the gerbils had additional tonic convulsions (score 4), which can be regularly observed with 10 min of bilateral carotid occlusion (unpublished data). There seemed to be a tendency toward a further aggravation of the neurological symptoms by theophylline pretreatment in the groups with 3 and 5 min of ischemia, but as can be seen from Fig. 5 below, which summarizes the re sults of the statistical comparison of all experi mental groups, the difference is not statistically sig nificant. Soon after the end of the ischemic periods, all gerbils recovered and showed normal behavior for the remainder of the 14-day experimental period.
Histology
The histopathological results are shown in Fig. 4 as relative frequency distribution histograms of the degree of pyramidal cell necrosis according to the semiquantitative score described in Ta ble 2. Ta ble 3 presents the changes of the overall histological al terations of the different animal groups by using the total group scores (sum of individual scores/n). The results of the statistical evaluation of the degree of a Score ranges from 0 to 4 (see Ta bles 1 and 2).
The information is given in the form of the average (total) group scores. This table summarizes the behavioral and histological scoring by using the total group scores (sum of individual scores/n), in dicating the changes in the severity of neurological symptoms and the degree of necrosis of hippocampus pyramidal cells in the CA I sector after different periods of bilateral forebrain ischemia in nontreated and theophylline-treated gerbils.
histological damage for all experimental groups are outlined in Fig. 5 .
Te mporary bilateral carotid occlusion leads to a necrosis of the pyramidal cells of the CAl sector of the gerbil hippocampus in its total frontooccipital dimension. The cell nuclei fade until they totally disappear or become occasionally karyorrhexic or karyopycnotic. The pericarya shrink and lose their Nissl bodies and, therefore, their basophilicity. Only a small "cell shadow" of variable shape re mains that shows a homogeneous eosinophilic staining. Glial cell infiltration was not observed. The number of damaged pyramidal cells depends on the duration of ischemia. One minute of carotid occlusion in no instance led to a light microscopi cally visible damage, whereas a 2-min occlusion caused only minor neuronal changes (score 1) in 10% of the animals. However, a 3-min ligation led to more marked pyramidal cell damage (scores 1-3) in 79% of the animals. Following 5 min of isch emia, 40% of the nontreated gerbils showed a total pyramidal cell necrosis in the CAl sector (score 4).
Oral pretreatment of the gerbils with 30 mg/kg theophylline did not influence the degree of isch emic cell necrosis in the gerbils with I-min carotid occlusion. In the animals with 2 and 3 min of isch emia, the pyramidal cell damage in the CA I sector was significantly enhanced. The degree of neuronal destruction of gerbils with 2 min of ischemia and theophylline treatment corresponds to the cell damage of untreated controls with 3 min of isch- The histological data of nontreated and theophylline treated gerbils at different periods of bilateral forebrain isch emia. The information is given in the form of relative fre quency distribution histograms of the individual scores (see Table 2 for explanation). With increasing time of ischemia, the degree of neuronal necrosis increased. Theophylline treatment significantly aggravated the neuronal necrosis after 2 and 3 min of ischemia.
emia. After 5 min of ischemia, the theophylline treated animals showed a nonsignificant aggrava tion of the degree of pyramidal cell necrosis. In 60% of the gerbils of this group, total loss of the pyramidal cell layer in the CAl was found.
DISCUSSION
There are few data available on the behavioral effects of transient bilateral forebrain ischemia in gerbils. The nature of the neurological symptoms we observed (see Ta ble 1) did not differ from those described by other authors (Kirino, 1982; Kirino and Sano, 1984a) . However, whereas Kirino and Sano (1984a) did not observe significant behavioral changes during or after 3 or 5 min of bilateral ca rotid occlusion, we found jumping and rolling sei zures in some control animals during 3 min and ad ditional opisthotonos in animals with 5 min of isch emia. This inconsistency might be due to either different seizure susceptibility of the gerbil strains used or differences in the methodological approach.
In agreement with Kirino and Sano (1984a,b) , we observed that short-term bilateral carotid occlusion in the Mongolian gerbil, with subsequent reperfu sion and long-term recovery, represents a repro ducible and reliable animal model for the morpho logical evaluation of ischemic neuronal damage. This type of pyramidal cell necrosis has also been demonstrated in rats subjected to transient fore brain ischemia (Kirino et aI., 1984) . After 3 min of bilateral carotid occlusion in gerbils, Kirino and Sano (1984a) found only scattered destruction of CAl pyramidal cells in one of five animals, whereas the brains of the other animals looked normal. However, we observed "eosinophilic necroses" in the majority of the animals subjected to the same duration of ischemia. The reason for this difference is not altogether clear, but may be due to differ ences in experimental conditions. The light microscopic assessment of cell destruc tion in the central nervous system is always prob lemyatical if one tries to differentiate intravital from supravital changes in cell morphology. In the present study, immersion fixation of the brains in Carnoy's solution with subsequent paraffin embed ding was used, which left the tissue well preserved. In the hematoxilin-eosin stained sections, the isch emically induced histological changes of the CAl neurons can be clearly defined as "eosinophilic ne croses." These changes can be easily distinguished from possible supravitally developed cell shrinking described as "dark cells," as the latter show baso-philic staining. A pilot study showed that the whole CAl sector, in its total longitudinal dimension, was involved. Therefore, it was possible to take the his topathological changes in a single tissue section representative for the hippocampus as a whole.
The "eosinophilic necroses" of the CAl neurons described in this study correspond to the inten sively dark stained (toluidine blue) shrunken neu rons in semithin sections described by Kirino and Sano (1984a) . Whereas these "dark" neurons in the semithin sections may also include supra vitally developed cell changes, as described by Cammer meyer (1961) , the eosinophilic residual cell bodies in hematoxilin-eosin sections can be clearly distin guished from such artefacts. This is of great impor tance in the evaluation of moderate cell damage.
Theophylline was selected because this natural methylxanthine is a well-known CNS-stimulating substance and because some conflicting reports exist about its effects on cerebral ischemia. Origi nally, theophylline was thought to be a cerebral va sodilator (Wolff, 1936; Noell, 1942; Dumke and Schmidt, 1943; Gottstein et aI., 1961) , and it has been demonstrated to reverse acute cerebral vaso spasm following subarachnoid hemorrhage in monkeys and cats (Flamm et aI., 1975) . On the other hand, cerebral vasoconstriction has been found during theophylline treatment in humans (Gottstein and Paulson, 1972) . Because some au thors observed such vasoconstrictive effects only in healthy brain areas, they concluded that the drug may increase the CBF in ischemic cortical areas in directly by an "inverse steal effect" (Skinhpj and Paulson, 1970; Gottstein and Paulson, 1972) , but to our knowledge, clinical benefit of theophylline in stroke patients has not been proven (Hadom, 1960; Gottstein, 1974; Herrschaft, 1979; Olsson, 1980) . Kogure et al. (1975) showed that pretreatment with theophylline (100 mg/kg, i.p.) in embolic brain isch emia in rats reduced the edema formation and the mortality rate. This protective effect could not be confirmed by McGraw et aI. (1978) , who found a significantly higher mortality in gerbils with unilat eral permanent carotid occlusion when 100 mg/kg of theophylline was given intraperitoneally 1 h after the beginning of ischemia. J arrott and Domer (1980) showed an increased mortality following intraperi toneal administration of 50 mg/kg theophylline 3 min after a period of 50-min bilateral carotid occlu sion in gerbils. The observation of Thurston et al. (1978) that weanling mice SUbjected to anoxia had a higher mortality following the intraperitoneal ad ministration of 100 mg/kg theophylline and that this effect may be due to an increased cerebral meta bolic rate further supports the assumption that the-ophylline might be deleterious in cases of cerebral ischemia or hypoxia.
Theophylline, like some other methylxanthines, may exert its pharmacological effects via, at least, four different mechanisms (see RaIl, 1985 , for re view). The most widely known action is the inhibi tion of cyclic AMP phosphodiesterase. Theophyl line can also lead to a release of catecholamines from neurons or to calcium mobilization from intra cellular pools. These three effects require concen trations of 10 -3 M or more. The fourth mode of ac tion of theophylline in the CNS is the blockade of adenosine receptors, which occurs at 10-4 M or lower. As is comprehensively discussed by Winn et aI. (1985) , it is unlikely that after a dose of 30 mg/kg the theophylline concentration in the brain reaches sufficiently high levels to affect phosphodiesterase activity or the release of catecholamines. By using an oral dose of 30 mg/kg, we obtained a maximum mean blood serum concentration of 2 x 10-4 M theophylline. We did not measure the theophylline concentration in the CSF. However, taking into consideration the plasma/CSF ratio of 1.6 for the ophylline found by Winn et aI. (1985) , it seems rea sonable to assume that the maximum CSF concen tration of theophylline in our experiments did not exceed 1.3 x 10-4 M, a concentration at which a relative selectivity of theophylline as an adenosine receptor blocker can be assumed.
The reason for the aggravating effect of theophyl line on the selective delayed ischemic cell necrosis in the hippocampus may be that the drug blocks the protective actions of endogenous adenosine, whose concentration in the brain rapidly increases 2.5-fold during ischemia or sixfold during brief hypoxia (Winn et aI., 1979 (Winn et aI., , 1981 . For example, it is re ported that theophylline inhibits the vasodilatory effect of adenosine in the cerebrovasculature (Morii et aI., 1983) , its depressive effect on hippocampal synaptic transmission (Dunwiddie and Hoffer, 1980) and neuronal firing (Schubert and Mitzdorf, 1979) , its inhibition of glutamate release (Dolphin and Archer, 1983) , and its inhibitory action on cal cium influx into pyramidal cells of the hippocampus (Schubert et aI., 1986) . It is also known that theoph ylline blocks the anticonvulsant effects of adeno sine (see Dragunow, 1986, for review) , and al though we did not observe a significant increase of seizure activity in our study, this possibility cannot be absolutely excluded as a pathogenic factor for the deleterious effect of theophylline on the degree of ischemic cell damage. It may be that theophyl line led to an increased firing of pyramidal neurons without causing significant additional seizure ac tivity. Combined with a possible lowering of the ce-rebral blood flow in the reperfusion phase, theoph ylline might then cause an imbalance of blood supply to oxygen demand in a situation where there already may be a secondary hypoperfusion and a concomitant hypermetabolism, as has been re ported by Rossmann et al. (1973 Rossmann et al. ( , 1976 ) and re viewed by Siesj6 (1981) . In this context, it may be of relevance that Grome and Stefanovich (1986) re cently measured local cerebral blood flow and glu cose utilization in normal rats and observed that theophylline produces simultaneous decreases in local blood flow and increases in local glucose utili zation of the hippocampus, thus resetting the ratio of CBF per unit of glucose utilization at a lower level.
In conclusion, this study shows that pretreatment with theophylline in a dose that causes only a mild increase in spontaneous motor activity significantly aggravates the selective ischemic damage of CAl neurons in the hippocampus of gerbils after tran sient short-term bilateral forebrain ischemia, without influencing the neurological symptoms sig nificantly. These findings suggest that the aggrava tion of the ischemic brain damage by the oral pre treatment of 30 mg/kg of theophylline may not be due to an enhanced seizure activity, but may be caused by an inhibition of putatively protective ef fects of endogenous adenosine other than its anti convulsant activity.
